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ABSTRACT Measles virus (MeV), like all viruses of the order Mononegavirales, uti-
lizes a complex consisting of genomic RNA, nucleoprotein, the RNA-dependent RNA
polymerase, and a polymerase cofactor, the phosphoprotein (P), for transcription
and replication. We previously showed that a recombinant MeV that does not ex-
press another viral protein, C, has severe transcription and replication deficiencies,
including a steeper transcription gradient than the parental virus and generation of
defective interfering RNA. This virus is attenuated in vitro and in vivo. However, how
the C protein operates and whether it is a component of the replication complex re-
mained unclear. Here, we show that C associates with the ribonucleocapsid and forms
a complex that can be purified by immunoprecipitation or ultracentrifugation. In the
presence of detergent, the C protein is retained on purified ribonucleocapsids less effi-
ciently than the P protein and the polymerase. The C protein is recruited to the ribonu-
cleocapsid through its interaction with the P protein, as shown by immunofluorescence
microscopy of cells expressing different combinations of viral proteins and by split lucif-
erase complementation assays. Forty amino-terminal C protein residues are dispens-
able for the interaction with P, and the carboxyl-terminal half of P is sufficient for
the interaction with C. Thus, the C protein, rather than being an “accessory” protein
as qualified in textbooks so far, is a ribonucleocapsid-associated protein that inter-
acts with P, thereby increasing replication accuracy and processivity of the polymer-
ase complex.

IMPORTANCE Replication of negative-strand RNA viruses relies on two components:
a helical ribonucleocapsid and an RNA-dependent RNA polymerase composed of a
catalytic subunit, the L protein, and a cofactor, the P protein. We show that the
measles virus (MeV) C protein is an additional component of the replication com-
plex. We provide evidence that the C protein is recruited to the ribonucleocapsid by
the P protein and map the interacting segments of both C and P proteins. We con-
clude that the primary function of MeV C is to improve polymerase processivity and
accuracy, rather than uniquely to antagonize the type I interferon response. Since
most viruses of the Paramyxoviridae family express C proteins, their primary function
may be conserved.

KEYWORDS measles virus, replication, processivity, C protein, ribonucleocapsid,
replicase, RNA synthesis, phosphoprotein, large protein, polymerase

Replication of nonsegmented negative-strand RNA viruses (order Mononegavirales)
principally relies on two components: the viral nucleocapsid consisting of viral

genomic RNA enwrapped by the nucleocapsid protein (or “nucleoprotein” [N]) and the
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viral polymerase complex consisting of an RNA-dependent RNA polymerase (RdRp, or
“large protein” [L]) and a cofactor (usually called phosphoprotein [P]) which mediates
interaction between nucleocapsid and polymerase (1, 2). The genome is composed of
a 3= promoter region (called the “leader”) preceding sequential transcription units
separated by intergenic regions and followed by the complementary sequence of the
antigenomic promoter (called the “trailer”).

The polymerase is responsible for transcription, polyadenylation, capping, and
methylation of mRNA and for synthesis of full-length viral genomic RNA. Initiation of
both transcription and replication occurs exclusively at the 3=-leader and trailer se-
quences. Transcription occurs immediately after infection of a host cell and generates
a gradient of mRNAs, with the genes proximal to the leader being the most abundantly
transcribed and the genes most distal to the leader being transcribed at the lowest
levels (1). This transcription gradient is based on lower processivity of the viral poly-
merase at each intergenic region. At later stages of infection, the polymerase switches
into replication mode, which is characterized by high processivity leading to the
generation of encapsidated full-length antigenomic and genomic RNA.

We have previously shown that in the case of measles virus (MeV), a member of the
Paramyxoviridae family (genus Morbillivirus), processivity of replication relies on another
viral factor, the C protein, which is encoded in an alternative open reading frame of the
P gene (3): a recombinant MeV lacking C protein expression (C “knockout,” MeV-CKO)
frequently generates copyback-defective interfering (DI) RNA (4). Copyback-DI RNA are
replicative chimeric RNAs combining positive (�) and negative (�) genomic RNAs. They
can form immunostimulatory double-stranded RNAs (dsRNAs) which then activate
protein kinase R (PKR)-mediated, melanoma differentiation-associated gene 5 (MDA-
5)-mediated, and retinoic acid inducible gene-I (RIG-I)-mediated innate immune re-
sponses (5–7), resulting in strong attenuation of MeV-CKO in vitro (8, 9), in human
primary peripheral blood mononuclear cells (10), and in vivo (9, 11). In addition,
MeV-CKO exhibits a steeper transcription gradient than a C protein-expressing MeV (5).
Generation of DI RNA and a steeper transcription gradient suggest that the C protein
improves the processivity of the MeV polymerase. Moreover, results of minigenome
assay-based studies suggest that C protein regulates genome synthesis (12–14).

Here, we asked whether the MeV C protein is a component of the viral replication
complex. After analyzing C protein localization by confocal immunofluorescence, we
studied its interaction with the viral replication complex by immunoprecipitation (IP)
and density gradient centrifugation. We biochemically identified the interaction partner
of C protein within the ribonucleoprotein (RNP) complex. We conclude that the C
protein is a component of the replication complex that enhances polymerase proces-
sivity.

RESULTS
MeV C protein colocalizes with replication bodies. MeV replication occurs in

defined cytoplasmic inclusion bodies, also known as replication bodies (5, 15, 16). To
assess C protein localization, we infected HeLa cells with a standard MeV expressing
green fluorescent protein [GFP; vac2(GFP)] or with a C-deficient MeV [CKO(GFP)] and
analyzed colocalization of viral P, L, and C proteins with N protein at 48 h postinfection
(Fig. 1). As shown previously (15), N and P colocalize in large cytoplasmic replication
bodies (Fig. 1A) that also contain L protein (Fig. 1B). C protein also accumulates in these
bodies and is additionally found in the nuclei of infected cells (Fig. 1C), as reported
previously (17). The absence of C signal in CKO(GFP)-infected cells indicated the
specificity of the anti-C antibody. In contrast, the viral transmembrane glycoprotein
hemagglutinin (H) was not included in viral replication bodies (Fig. 1D). Thus, the C
protein colocalizes with replication bodies.

C protein and viral RNPs coimmunoprecipitate. We next asked whether C protein
is associated with the viral replication complex. For this, we generated a recombinant
MeV expressing carboxy-terminally 3�FLAG-tagged C protein (CFL) as well as amino-
terminally HA-tagged L protein (HAL). We named this virus vac2-2tags (Fig. 2A). This
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virus expresses CFL from an additional transcription unit instead of from its original
location in the P/V/C gene, preserving the P/V open reading frame. An untagged virus
(vac2-notags) was generated as a control (Fig. 2A). Both viruses reached titers similar to
those seen with the parental vac2(GFP) strain.

We then infected HeLa cells with the two viruses, prepared cell lysates at 48 h
postinoculation, and immunoprecipitated protein complexes using anti-FLAG-coated
or anti-N-coated magnetic beads. The precipitates were then analyzed by Western
blotting (Fig. 2B). The infection levels of the two viruses were slightly different, leading
to reduced viral protein expression of vac2-notags compared to vac2-2tags (Fig. 2B,
lanes 2 and 3). CFL, but not untagged C, was efficiently precipitated using anti-FLAG
beads (Fig. 2B, lanes 5 and 6). The sample derived from vac2-2tags (lane 6), but not that
derived from vac2-notags (lane 5), contained viral N, P, and L proteins, indicating an
interaction (direct or indirect) of the RNP with CFL rather than unspecific binding to the
beads. In contrast, immunoprecipitation of N protein resulted in coprecipitation of C

FIG 1 C protein colocalizes with components of the MeV replication complex. Immunofluorescence staining of HeLa cells infected with
vac2(GFP), cells infected with CKO(GFP), and uninfected (UI) cells was performed. (A) Costaining of N (blue) and P (red). (B) Costaining of
N (blue) and L (red). Uninfected cells show diffuse unspecific staining with anti-L. Infected cells in addition show concentration of L signal
in viral inclusion bodies. (C) Costaining of N (blue) and C (red). (D) Costaining of N (blue) and H (red). Merge panels include signals for
GFP (green) and actin (gray). The antibodies used are indicated on the left of each row of panels. Bar, 10 �m.
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and CFL in addition to P and L proteins (Fig. 2B, lanes 8 and 9), indicating that the FLAG
tag is not required for binding of C to the viral RNP.

In contrast, V protein, which shares its amino-terminal protein sequence with P
(amino acids 1 to 231) but has a unique carboxy terminus (18), did not coprecipitate
with CFL (Fig. 2C, lane 6). The absence of V protein was confirmed by probing with two
antisera recognizing either the shared P/V amino terminus or the V-specific carboxy
terminus. We detected a band of V protein in anti-N immunoprecipitates (Fig. 2C, lanes
8 and 9), indicating that V may interact with free N protein via its amino terminus (that
is common with P) and binds to the core of N in N0P complex (19, 20).

C protein copurifies with viral nucleocapsids. We next asked whether the inter-
action between C and the viral RNP is primarily mediated through the nucleocapsid
(N-RNA) or through the viral polymerase complex (L-P). For this, we extracted nucleo-
capsids of vac2-2tags or vac2(GFP) viruses from infected HeLa cells and purified them
through CsCl-density gradient ultracentrifugation (21, 22). CsCl gradients were pre-
pared with increasing amounts of the detergent sarkosyl, which disrupts the interaction
of L-P with N-RNA, resulting in “stripped” nucleocapsids with higher density (22). As
anticipated, the RNP band became denser and more compact with increasing amounts
of sarkosyl (Fig. 3A, white bars).

Purified nucleocapsids were analyzed by SDS-PAGE and silver staining (Fig. 3B). A
predominant band appeared at about 56 kDa (Fig. 3B, arrow), representing N protein as
confirmed by Western blot analysis (Fig. 3C, third blot). Multiple additional proteins
between 10 and 250 kDa copurified with RNPs. Increasing amounts of sarkosyl reduced
the strength of these additional signals, consistent with stripping of weakly interacting
proteins.

FIG 2 Analysis of the C protein interactions by coimmunoprecipitation. (A) Genomes of the viruses generated for this and
subsequent experiments. vac2-notags expresses the standard C protein from an additional transcription unit located
downstream of the H gene; vac2-2tags expresses a 3�FLAG-tagged C protein (CFL) from an additional transcription unit
located downstream of the H gene; the L protein of this virus is tagged with an HA epitope (HAL). (B) Western blot analysis of
uninfected (UI) cell lysates and of cells infected with the viruses indicated at the top. Analyses were performed before (input)
and after IP using anti-FLAG-coated or anti-N505-coated beads, as indicated on the bottom. The four specific antisera used are
indicated on the right of each panel, and molecular weight markers are indicated on the left. IP samples are concentrated
10-fold over the input lysates. (C) Western blot analyses using antiserum recognizing P and V (anti-PV2) or a V-specific
antiserum (anti-VCTD).
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Western blot analysis of purified RNPs revealed the presence of N, P, L, and C
proteins in the RNP samples (Fig. 3C). While N protein became more abundant with
increasing sarkosyl concentrations due to the better solubilization of RNPs throughout
the gradient/during gradient running (Fig. 3C) as already reported (22), P, L, and C
proteins did not. Indeed, quantification of band intensities confirmed loss of the
polymerase complex on RNPs with increasing sarkosyl concentrations (Fig. 3D). C
protein was retained on RNPs even less efficiently than P and L proteins in the presence
of detergent. The levels of N, P, and L were low to nearly undetectable in the
supernatant fraction (the top fraction of the CsCl gradient), while C was more promi-
nent in the supernatant than in the RNP fraction. Stripping of C protein from the RNP
did not increase the levels of C in the supernatant fraction due to dilution of the
released C protein into the large volume of this fraction (approximately 5 ml). This
experiment confirmed a weak physical interaction of C with the RNP without identifying
its interaction partner within the RNP.

P protein is required for recruitment of C to the viral RNP. We next asked which
viral protein recruits C to the viral RNP. For this, we analyzed protein localization in
transfected cells by immunofluorescence staining. P protein, when expressed alone, is
diffusely distributed in the cytoplasm (Fig. 4A, top row). In contrast, N protein expressed
by itself forms small inclusion bodies (Fig. 4A, middle row). These typically can be
observed both in cytoplasm and nucleus (data not shown) (23). When coexpressed, N
and P form large cytoplasmic inclusion bodies (Fig. 4A, bottom row) that are similar to
the viral replication centers formed during infection (Fig. 4B, middle row).

FIG 3 Viral proteins found in density gradient-purified MeV RNPs. (A) Nucleocapsid bands after centrifugation in CsCl gradients
containing increasing amounts of the detergent sarkosyl. The amount of detergent is indicated at the top. White bars indicate
locations of the RNPs at equilibrium, as harvested for further analysis. (B) Silver-stained SDS-PAGE of purified RNPs; MW, protein
molecular weight standard. (C) Western blot analysis of supernatants and RNPs after CsCl density gradient separation. (D)
Quantification of Western blot band intensities in (C). The diagram represents average values � standard deviations of results
from three independent experiments.
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Using this assay of formation of inclusion bodies, we assessed the localization of CFL.
After coexpression, all four proteins colocalized in ways similar to those monitored in
infected cells (Fig. 4B; compare bottom row with middle row). In the absence of P
expression, neither CFL nor HAL was recruited to N-containing inclusion bodies (Fig. 5A,
middle and bottom rows). While CFL was predominantly found in the nucleus, HAL
remained in the cytoplasm. However, when P was coexpressed, HAL was efficiently
recruited to the cytoplasmic inclusions (Fig. 5B, bottom row), confirming that P medi-
ates the interaction of the viral nucleocapsid and the polymerase (24). Similarly, CFL

relocalized from the nucleus to the inclusion bodies in the presence of P (Fig. 5B,
middle row).

FIG 4 Immunofluorescence analyses of viral protein localization in transfected and infected cells. (A)
Confocal immunofluorescence images of transfected HeLa cells. The expression plasmids used are
indicated on the left of the panels and the antibodies used above the panels. Fluorophores on the
secondary antibodies are indicated as follows: P, blue; N, red. (B) Confocal immunofluorescence images
of uninfected (UI) cells, vac2-2tags-infected HeLa cells, or cells expressing N, P, CFL, and HAL, as indicated
on the left of the panels. The antibodies used are indicated above the panels. Fluorophores on the
secondary antibodies are indicated as follows: P, blue; HAL, green, CFL, red. Bar, 10 �m.

Pfaller et al. Journal of Virology

February 2020 Volume 94 Issue 4 e01733-19 jvi.asm.org 6

https://jvi.asm.org


To verify that the P-C interaction was independent of the presence of N, we inserted
the P protein into the outer mitochondrial membrane using a Tom20 tag (25, 26). We
confirmed that, whereas untagged P had diffuse localization, Tom20-P was concen-
trated in cytoplasmic organelles shaped like mitochondria (Fig. 6, top two rows).
FLAG-tagged L protein (FLL) colocalized with mitochondrial Tom20-P (Fig. 6, middle two
rows), and CFL partially colocalized (Fig. 6, bottom two rows).

In a complementary approach to determine the interaction partner of C, we relied
on a split Gaussia luciferase (glu) protein complementation assay that can detect weak
protein-protein interactions (27) in the micromolar range (28). Indeed, the results of
coimmunoprecipitation (Co-IP) experiments performed with cells expressing combina-

FIG 5 C protein requires P protein for relocalization to viral inclusion bodies. (A) Confocal immunofluorescence analysis of transient
expression of N protein (top row), N and CFL proteins (second row), or N and HAL proteins (bottom row). The antibodies used for
staining are indicated at the top: N, blue; HAL, green; CFL, red. “Merge” data represent a merger of the three staining antibodies. The
last panel (detail) is an enlargement of the white box in the merge panel. Bar, 10 �m. (B) Confocal immunofluorescence analysis of
transient expression of the same protein combinations, this time in the presence of P.
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tions of individual proteins were inconclusive, possibly because of the sensitivity of C
interactions with RNP to detergent (Fig. 3C and D). Thus, we fused the split domains of
glu (glu1 and glu2) to the amino or carboxy terminus of the viral proteins as described
previously (29). To test protein-protein interactions, combinations of these constructs
were coexpressed, and reconstitution of luciferase activity was quantified through
bioluminescence. As expected, positive signals were observed for P-P and P-N coex-
pression (Fig. 7), confirming self-interaction of P (30) and N-P interaction (31, 32). P also
interacted with a 620-amino-acid amino-terminal fragment of L (L1– 620) encompassing
conserved regions I and II (24, 33, 34). Coexpression of P and C constructs reconstituted
glu activity, but we did not observe luciferase complementation when C protein was
coexpressed with N or L1– 620 constructs (Fig. 7). This suggests that C interacts with P
but not with N or L1– 620. In addition, C proteins fused to both glu domains reconsti-
tuted luciferase activity, suggesting C homo-oligomerization. Thus, the results of the
split luciferase assays and the colocalization assays consistently indicated that C
interacts with P but not with N or L.

FIG 6 Colocalization of C and L proteins with mitochondrion-targeted P protein. Confocal immunoflu-
orescence analysis of protein colocalization in transfected cells was performed. The P protein-variants
(untagged P or Tom20-HAP) expressed are indicated on the left. The coexpressed proteins are indicated
on the right. At 24 h after transfection, BSR-T7 cells were fixed and P (red), FLL (green), Tom20-HAP (red),
and FLC (green) were immunolabeled. The right column shows merge pictures with DNA stained with
DAPI. Bar, 10 �m.
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Interacting segments of C and P. We then mapped the reciprocal binding sites
between C and P proteins. Based on predicted secondary structure elements, the C
reading frame was divided into four segments and fused to glu domains (Fig. 8A). We
then assessed protein-protein interactions by a glu-protein complementation assay.
Amino-terminal fragments C1 and C12 expressed alone were unable to interact with P,
whereas addition of the C3 fragment (C123) partially restored binding (Fig. 8B). On the
other hand, the fragment lacking only the C1 domain (C234) retained full binding
activity, while additional amino-terminal truncation (C34 and C4) affected interaction
with P strongly (Fig. 8C). Moreover, a C protein fragment encompassing the two central
fragments (C23) retained about 40% binding activity compared to full-length C (Fig.
8C). Thus, the structured carboxy-terminal fragments (C234) are required and sufficient
for P binding, while the unstructured amino-terminal fragment (C1) is dispensable. Our
data suggest that the core binding domain of C to P is within the two central fragments
(C23).This is in agreement with this region of C being well conserved among the
members of the Paramyxoviridae family (35).

Similarly, based on available structural and functional information (19, 36), the P
protein was divided into three regions, P1, P2, and P3 (residues 1 to 302, 303 to 374,
and 375 to 507, respectively), and truncated P proteins were generated (Fig. 8D). Both
the P2 and P3 segments were required for efficient C binding (Fig. 8E). The approxi-
mately 200 amino acids covered by P2 and P3 include the multimerization domain as
well as regions of L and N binding (34, 37, 38) (Fig. 8D). These results reveal the
interacting parts of the C and P proteins.

DISCUSSION

On the basis of observations made with another member of the Paramyxoviridae
family, Sendai virus (SeV; also known as Murine parainfluenza virus), the C protein of
paramyxoviruses was originally classified as nonstructural (39, 40). The fact that genet-
ically engineered MeV and SeV knockout strains unable to express C proteins (CKO) are
viable in tissue culture later suggested that the C protein is an “accessory” protein (8,
11, 41–43). On the other hand, since the C proteins of SeV and MeV counteract different
steps of innate immunity activation and interferon signaling (17, 44–48), they are
considered interferon antagonists. In addition, several studies based on minireplicon
assays showed that the C protein can restrict viral RNA synthesis (12, 13, 42, 49, 50),
suggesting modulation of the viral RdRp activity. Consistent with this function, lack of
C protein expression results in increased levels of viral double-stranded RNA and the
generation of copyback-DI RNA (4, 5, 21, 51).

FIG 7 C protein interacts with P protein but not N or an L segment. Gaussia luciferase-based protein
complementation assay. Interactions tested included P-P, P-N, P-L1– 620, P-C, C-N, C-L1– 620, and C-C (from
left to right). Results represent the normalized luminescence ratio (NLR), shown as a percentage of the
P-P interaction (vertical axis). The dashed line indicates the threshold above which an interaction is
considered positive. The diagram represents average values � standard deviations of results from three
independent experiments.
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FIG 8 Interacting segments of C and P. (A) Schematic representation of C protein and of the four
segments C1 to C4 (white boxes). Predicted secondary structure elements (Sec. str.) are indicated as red
(alpha helices) or blue boxes (beta strands) underneath. (B and C) Gaussia luciferase-based protein
complementation assays of interactions between full-length P protein and carboxy- or amino-terminally
truncated C proteins. The normalized luminescence ratio (NLR; vertical axis) is indicated as a percentage
of the control interaction with full-length proteins. The proteins used are indicated below the columns,
and their expression was confirmed by Western blot analysis (bottom panels) using anti-Gaussia
luciferase (glu) and anti-GAPDH as a loading control. (D) Schematic representation of P protein, indicating
three functional domains (P1 to P3), known interactions with N and L proteins (top), and locations of
certain domains (bottom). (E) Interaction between full-length C protein and truncated P proteins.
Expression levels of truncated P proteins were analyzed by Western blotting (bottom panel) using
anti-glu and anti-GAPDH as a loading control. The diagrams represent average values � standard
deviations of results from three or more independent experiments. Statistical analysis was performed
with an unpaired Student’s t test with Welch’s correction comparing activities of protein fragments to the
levels seen with full-length proteins (N.S., not significant; *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****,
P � 0.0001).
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Here, we provide molecular evidence of C association with RNPs. This accounts for
its ability to enhance replication accuracy. We show that C localizes to viral replication
bodies made of N, P, and L proteins, the sites of viral RNA synthesis (3, 45, 52, 53).
Additionally, we show that in infected cells, C protein physically interacts with the viral
RNP and can be copurified by density gradient centrifugation or immunoprecipitation.
Our data indicate that C is indeed a structural protein that interacts with the viral RNP
through the cofactor of the viral polymerase, P. While studies using yeast two-hybrid
systems or glutathione S-transferase (GST) tag purification did not detect a C-P inter-
action (52, 54), our sensitive mammalian luciferase reconstitution assay revealed such
an interaction.

We found that the C protein interacts with the P2 and P3 segments of P (Fig. 8D),
but how does this interaction influence the activity of the polymerase complex? The
tetrameric P protein has multiple functions. During transcription, it is required for
attachment to and movement of the polymerase on the nucleocapsid. During replica-
tion, it also delivers free N protein, which is incorporated into progeny nucleocapsid (2).
P2 harbors the tetramerization domain (PMD) that is located within the L-binding region
(Fig. 8D, dotted line) (34, 38). The PXD sequence proximal to the carboxy terminus
interacts with the carboxy-terminal tail of N (Ntail), a process modulating the efficiency
of transcription reinitiation at each intergenic junction (28). As suggested by the
steeper transcription gradient observed with MeV-CKO (5), C binding may regulate the
efficiency of PXD interaction with N and, in particular, with the molecular recognition
element NMoRE (28, 29, 55). Since MeV-CKO frequently generates DI RNA (4), C binding
may also improve the processivity of the P-L complex. Structural and functional
evidence that the four P monomers exhibit asymmetric arrangements and binding to
N and L partners of MeV and respiratory syncytial virus has been presented recently (34,
38, 56). Thus, the C protein may regulate the formation and maintenance of this
asymmetric complex.

Host factors have been identified that interact, directly or indirectly, with the MeV
replication machinery. We have shown that cellular protein WD repeat domain protein
5 (WDR5) is recruited to MeV replication bodies (57). Given that it is normally part of the
nuclear histone H3-methyltransferase complex, it is unclear what function WDR5 may
have in MeV replication. SHC binding and spindle associated protein 1 (SHCBP1) has
also been found to interact with both P and C proteins of MeV (14). However, the
relevance of this interaction for viral infections remains unclear. While SHCBP1 knock-
down affected the replication of a MeV minireplicon, it did not have any effect on viral
RNA synthesis in infections, in contrast to the major impairment observed with MeV-
CKO (4, 5, 21).

Textbooks currently describe C as an accessory protein (2, 58, 59), because it is
dispensable for MeV replication in vitro (8). Our data establish the MeV C protein as a
component of the viral replication machinery. Combining these results with previously
published data (4, 5, 21), we conclude that C contributes to efficient and processive
genome synthesis by interacting with P bound to MeV nucleocapsids.

MATERIALS AND METHODS
Cell lines, viruses, and infections. Cells were kept at 37°C/5% CO2. Vero cells (CCL-81; ATCC,

Manassas, VA) were maintained in Dulbecco’s modified Eagle medium (D-MEM; HyClone, GE Healthcare
Life Sciences, Logan, UT) supplemented with 5% (vol/vol) fetal bovine serum (FBS; Gibco, Thermo Fisher
Scientific, Waltham, MA) and 1� penicillin/streptomycin (Corning Life Sciences, Tewksbury, MA). HeLa
cells (CCL-2; ATCC) and HEK-293T/17 cells (CRL-11268; ATCC) were maintained in D-MEM supplemented
with 10% (vol/vol) FBS and 1� penicillin/streptomycin. BSR-T7/5 cells (60) stably expressing T7 RNA
polymerase and HEK-293T cells used for protein complementation assays (CelluloNet BioBank BB-0033-
00072; SFR BioSciences, Lyon France) were maintained in D-MEM supplemented with 10% (vol/vol) FBS,
2 mM L-glutamine, and 10 �g/ml gentamicin. Geneticin (1 mg/ml) was added to BSR-T7 cell medium to
select for T7 polymerase expression. Recombinant vaccine lineage MeV vac2(GFP)H (GenBank accession
no. MH144178) and MeV CKO(GFP)H expressing enhanced green fluorescent protein (GFP) from an
additional transcription unit were described previously (61). Generation of recombinant vaccine lineage
MeV vac2-2tags expressing 3�FLAG-tagged C protein from an additional transcription unit as well as
HA-tagged L protein was described previously (57). Cloning of recombinant vac2-notags is described
here. Generation of recombinant viruses and stock production and titration were described previously
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(62). Infections were carried out at the indicated multiplicities of infection as described previously (4), and
infected cells were incubated at 37°C for the indicated amounts of time.

Plasmids. For transient expression of MeV N, pCAGGS-N (kindly provided by Veronika von Messling,
who received it from Urs Schneider [63]) was used. Plasmids generated for this study were pCAGGS-
P[CKO], pCAGGS-HAL, pCAGGS-CFL, and pB(�)MVvac2-CKO(C)H (� vac2-notags). Generation of pB(�)
MVvac2-CKO(CFL)H-HAL (� vac2-2tags) was described previously (57). Plasmids for protein complementa-
tion assays were made by introduction of the sequences of interest in modified plasmid pSPICA-N1 or
pSPICA-N2 (27, 29) using InFusion (Promega) cloning. The resulting vectors express proteins of interest
fused to split Gaussia luciferase domains (glu1 and glu2) through linker sequences as follows: glu(1/2)-
GGGGS GGGGS PITSL YKVGG RM-(protein of interest) or (protein of interest)-LDGGG GSGGG GSPIT SLYKK
VGGRS-glu(1/2). In addition, tag sequences (HA or FLAG) were introduced into the linker region for
truncated protein constructs. pEMC-FLL was built from pEMC-La (62) by addition of a FLAG tag sequence
to the amino terminus of L (MAIDY KDDDD KLA-L protein). pCG-FLC was made by digestion of pCG-P (41)
with XbaI and SlaI and replacement of the P gene by a sequence coding for FLAG-tagged C protein
(MDYKDDDDKM-[C protein]). A sequence for expression of Tom20/HA-tagged P protein (MVGRN SAIAA
GVCGA LFIGA CIAFD RKRRS DPNGG YPYDV PDYAM-[P protein]) was cloned downstream of the T7
promoter into the customized pCIRI vector. The details of the cloning strategies, including those used to
produce the oligonucleotides used for PCR amplifications, are available upon request.

Transfections. For transient expression, HEK-293T/17 cells were seeded 24 h prior to transfection in
6-cm-diameter dishes at 1 � 106 cells per dish and transfected using Lipofectamine 3000 (Invitrogen,
Thermo Fisher Scientific). pCAGGS-N, pCAGGS-P[CKO], and pCAGGS-CFL were used at 750 ng per dish,
pCAGGS-HAL was used at 2.5 �g per dish, and the total amount was adjusted to 4 �g per dish using
pCAGGS empty vector. Cells were harvested 24 h posttransfection for downstream assays.

Split-luciferase complementation assay. Gaussia princeps luciferase-based complementation as-
says and data analysis (normalized luminescent ratio [NLR]) were performed according to previously
described methods (27). HEK-293T cells were seeded 20 h prior transfection in 96-well plates at 2 � 104

cells per well and transfected using jetPRIME reagent (Polyplus transfection). Cells were lysed, and
luciferase activity was measured 24 h posttransfection following the Renilla luciferase kit protocol
(Promega). NLR was calculated by dividing the luciferase signal obtained for the two chimeric partners
by the sum of the luciferase signals measured for each chimeric partner mixed with the other “empty”
glu domain. Results were expressed as fold increase with respect to a reference interaction, which was
set to 100. The threshold above which a signal is considered positive (3.5 NLR) was reevaluated
proportionally to the reference interaction.

Antibodies. Rabbit antisera against MeV N (N505), MeV P (P254), MeV V (VCTD), MeV C amino terminus
(C2), MeV C carboxy terminus (C176), and MeV H (HCYT) were used at a dilution of 1:5,000 (Western
blotting) or 1:200 (immunofluorescence) as previously described (41, 64, 65). A rabbit antiserum
detecting the common amino terminus of P and V proteins (PV2) was generated against amino acids 2
to 15 of MeV P/V (sequence [C]AEEQARHVKNGLECI) and used at 1:1,000 in Western blotting. A rabbit
antiserum recognizing MeV L (L2170) was raised against a peptide corresponding to amino acids 2170 to
2183 of MeV L (sequence [C]EWYKLVGYSALIKD) and used at 1:1,000 (Western blotting) or 1:100
(immunofluorescence). For immunofluorescence, mouse anti-MeV N (clone 25; a kind gift of F. Wild [66])
was used at a 1:200 dilution. A rabbit antiserum anti-P antibody (67) was used at a dilution of 1:1,000,
and a mouse anti-FLAG antibody (FLAG M2; Sigma-Aldrich) was used at 1:200 in immunofluorescence. In
immunoprecipitations, anti-N505 serum was used at 5 �l per 25 �l magnetic beads. For anti-FLAG
immunoprecipitations, anti-FLAG M2 magnetic beads (Sigma-Aldrich) were used. For Western blot
analysis, anti-Glu rabbit antibody (New England Biolabs) and anti-GAPDH (anti-glyceraldehyde-3-
phosphate dehydrogenase) mouse antibody were used at a dilution of 1:2,000. Anti-mouse horseradish
peroxidase (HRP) and anti-rabbit HRP secondary antibodies were used at dilution of 1:5,000. Reagents
used for Western blot detection were anti-mouse and anti-rabbit-HRP (Jackson Immunoresearch, West
Grove, PA) (1:5,000 to 1:25,000) or HRP protein A (Invitrogen, Thermo Fisher Scientific) (1:10,000). For
immunofluorescence, anti-mouse Alexa 405, anti-rabbit Alexa 488, anti-mouse Alexa 555, and anti-rabbit
Alexa 647 (all from Molecular Probes, Eugene, OR) were used at a 1:200 to 1:750 dilution. Actin was
stained with Alexa 594-conjugated phalloidin (Molecular Probes) at a 1:40 dilution.

Immunofluorescence staining. HeLa cells were seeded in 35-mm-diameter cell imaging dishes with
170-�m-thick glass bottoms (Eppendorf, Hamburg, Germany) at 1 � 105 cells per dish 18 h prior to
infection and were later infected at a multiplicity of infection of 0.1. Cells were washed with phosphate-
buffered saline (PBS) once at 48 h postinfection and fixed with fixation reagent containing 4% parafor-
maldehyde (Santa Cruz Biotechnology, Dallas TX) for 15 min at room temperature. Cells were then
permeabilized with 0.1% (vol/vol) Triton X-100 –PBS for 5 min at room temperature and incubated with
blocking reagent containing 10% (wt/vol) normal goat serum and 1% (wt/vol) bovine serum albumin
(BSA)–PBS for 30 min. Cells were incubated with primary antibodies at the dilutions indicated above in
blocking solution for 2 h at room temperature on a rocking platform, followed by three wash steps with
PBS. Incubation with secondary antibodies diluted in blocking solution was carried out for 1 h at room
temperature, followed by three wash steps with PBS and two additional wash steps with deionized H2O.
Cells were overlaid with ProLong Gold antifade mountant (Molecular Probes), and microscopy was
carried out on a laser scanning microscope (LSM) (model LSM 780; Carl Zeiss Microscopy, Jena, Germany)
using a 40� objective (Carl Zeiss Microscopy) (C-Apochromat 40�/1.20 W Korr M27, 2.5� zoom). Image
processing and analysis were performed with ZEN 2.1 Black Edition software (version 11.0; Carl Zeiss
Microscopy) and Adobe Photoshop CC (release 2017.0.1; Adobe Systems Inc., San Jose, CA).
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For Tom20 assays, BSR-T7/5 cells were seeded into Lab-Tek plates (Iwaki) (0.7 � 105 cells/well) and
transfected 20 h later with 400 ng plasmid using jetPRIME reagent (Polyplus transfection). In these cells,
stably expressed T7 RNA polymerase allows expression of FLL protein from the T7 promoter-driven
pEMC-FLL plasmid. At 24 h posttransfection, the cells were fixed in 4% formaldehyde for 30 min at room
temperature and then washed 3 times with PBS prior saturation followed by permeabilization in PBS
containing 4% fetal bovine serum (FBS) and 0.3% Triton X-100 (PBS-FBS-Triton buffer). Primary antibodies
were diluted in PBS-FBS-Triton buffer and incubated on the cells overnight at 4°C. The cells were then
washed four times and incubated with 4’,6-diamidino-2-phenylindole (DAPI; 1:1,000) and both anti-
mouse and anti-rabbit secondary antibodies. After four washes, slides were mounted with Fluoprep
mounting medium (bioMérieux catalog no.75521). Microscopy was carried out on a LSM 710 confocal
microscope (Carl Zeiss Microscopy, Jena, Germany). Image processing and analysis were performed using
ImageJ software.

Immunoprecipitation (IP). Infected cells were harvested at the indicated time points. Cells were
washed once with PBS, resuspended in ice-cold Co-IP buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 2 mM
EDTA, 1 mM sodium orthovanadate, 0.5% [vol/vol] NP-40 substitute) with protease inhibitor cocktail
(Roche Diagnostics, Indianapolis, IN), and lysed for 15 min on a rotating platform. Nuclei were pelleted
by centrifugation (20,000 � g, 15 min, 4°C), and supernatants were filtered through a 0.2-�m-pore-size
syringe filter. The cleared lysates (100 �l) were collected for input analysis and stored at �20°C. For
anti-FLAG IP, the remaining lysates were incubated with 25 �l anti-FLAG M2 magnetic beads (Sigma-
Aldrich) for 3 h at 4°C on a rotating platform. After incubation, beads were collected on a magnetic stand
and the lysate was discarded. Beads were washed three times with Co-IP buffer, and bound proteins were
eluted using 3�FLAG peptide (Sigma-Aldrich) at a concentration of 150 �g/ml in 100 �l Co-IP buffer.
Samples were stored at �20°C. For other immunoprecipitations, magnetic beads (Pierce Crosslink
Magnetic IP/Co-IP kit; Thermo Fisher Scientific) were coated with anti-N505 serum (5 �l serum per 25 �l
beads) and cross-linked according to the manual. Beads were incubated with lysates and washed as
described above. Immunoprecipitated proteins were eluted using acid washing as described in the
manual.

RNP preparation. MeV RNPs were purified by CsCl density gradient ultracentrifugation as described
previously (21). Thirty dishes (150-mm diameter) of HeLa cells were infected with MeV at multiplicity of
infection of 0.1 for 72 h. At the time of harvest, cells from 10 dishes each were collected and lysed in 3 ml
lysis buffer with 0.65% (vol/vol) NP-40. Ultracentrifugation was carried out in SW41 tubes (Beckman-
Coulter) with an approximate total volume of 11 ml loaded with the following (top to bottom): 5 ml cell
lysate, 1 ml 5% (wt/vol) sucrose buffer, 1.5 ml 25% (wt/vol) CsCl buffer, 2.5 ml 30% (wt/vol) CsCl buffer,
and 1 ml 40% (wt/vol) CsCl buffer. Various amounts of sarkosyl were added to the buffers for each
preparation. After the first centrifugation step, the top 1-ml fraction containing soluble proteins (“su-
pernatant”) and the visible RNP bands floating within the CsCl gradient (1 to 2 ml volume) were
extracted. The RNP fractions were then precipitated through LEH buffer (100 mM LiCl, 1 mM EDTA, 10
mM HEPES, pH 7.5), and pellets (“purified RNP”) were resuspended in LEH buffer supplemented with 1%
(wt/vol) SDS for direct Western blot analysis. The supernatant and the RNP solutions were stored at
�80°C.

Western blot analysis. For detection of C and CFL, samples were separated on 16% SDS gels. For
detection of N and P, samples were separated on 10% SDS gels, and for detection of L and HAL, samples
were separated on 6% SDS gels. Protein samples were subjected to heat denaturing in a buffer
containing 4 M urea. Gels were transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon-P,
EMD Millipore) for 2 h at 400 mA using a wet transfer system (Bio-Rad, Hercules, CA). Membranes were
incubated in blocking solution (5% [wt/vol] nonfat dry milk–Tris-buffered saline [TBS] or bovine serum
albumin fraction V [BSA]–TBS) for 1 h at room temperature and further incubated with primary antibodies
at the dilutions indicated above in blocking solution supplemented with 1:2,000 Tween 20. Incubation
was carried out overnight at 4°C on a rocking platform. After three washes with TBS– 0.5% (vol/vol)
Tween 20 (TBST), membranes were incubated with secondary antibodies in TBST for 1 h at room
temperature, washed again three times, and then incubated with ECL substrate (Supersignal Western
Pico; Pierce, Thermo Fisher Scientific) for 5 min at room temperature. Membranes were scanned using a
ChemiDoc imaging system (Bio-Rad) and analyzed using Image Lab software (v 6.0.0 build 25; Bio-Rad).

Silver staining. RNP samples were fractionated on 4%-to-20%-gradient SDS gels (Bio-Rad) and fixed
in fixative solution (50% [vol/vol] methanol, 10% [vol/vol] acetic acid) for 30 min at room temperature.
The gel was then washed once with 5% (vol/vol) methanol for 15 min and three times with Nanopure
H2O for 5 min. The gel was then washed with sensitizing reagent (0.02% [wt/vol] sodium thiosulfate)
solution for 2 min, followed by two washes with Nanopure H2O for 30 s each time. Next, the gel was
incubated in 0.15% (wt/vol) silver nitrate solution for 60 min at room temperature and then washed once
in Nanopure H2O for 1 min and in 3% (wt/vol) sodium carbonate solution for 1 min. Finally, the gel was
developed by incubation with 100 ml developer solution (3% [wt/vol] sodium carbonate supplemented
with 2 ml sensitizing reagent and 50 �l formaldehyde) until bands became visible. Development was
stopped by exchanging the buffer to 1.4% (wt/vol) EDTA solution. Images were captured using a GelDoc
XR� imager with a transillumination screen (Bio-Rad) and processed using Image Lab software (v 6.0.0,
build 25; Bio-Rad).
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